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Naip5 Affects Host Susceptibility to the
Intracellular Pathogen Legionella pneumophila
Legionella is capable of intracellular growth inside of
eukaryotic host cells, including mammalian macro-
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The intracellular trafficking of Legionella depends on
the function of the dot/icm genes [9]. The Dot/Icm pro-
teins comprise a specialized secretion system thatSummary
serves to transfer bacterial proteins into the cytosol of
target host cells [10–12]. Several studies suggest thatBackground: Legionella pneumophila is a gram-nega-
a functional Dot/Icm apparatus is needed within minutestive bacterial pathogen that is the cause of Legionnaires’
of bacterial uptake to mediate intracellular traffickingDisease. Legionella produces disease because it can
decisions that determine the outcome of the infectionreplicate inside a specialized compartment of host mac-
[10–12].rophages. Macrophages isolated from various inbred
Recently, it has been shown that Legionella, in a Dot/mice exhibit large differences in permissiveness for in-
Icm-dependent manner, secretes a guanine nucleotidetracellular replication of Legionella. A locus affecting
exchange factor (RalF) into the host cell. RalF apparentlythis host-resistance phenotype, Lgn1, has been mapped
alters the activity of host ADP ribosylation factor 1to chromosome 13, but the responsible gene has not
(ARF1), thus allowing the bacterium to recruit ER-been identified.
derived membranes as part of its strategy to remodelResults: Here, we report that Naip5 (also known as
its vacuole [12]. Since RalF is not essential for virulenceBirc1e) influences susceptibility to Legionella. Naip5 en-
of Legionella in mammalian cells, it is likely that therecodes a protein that is homologous to plant innate im-
are other Dot/Icm-secreted effector proteins that aremunity (so-called “resistance”) proteins and has been
important for growth in macrophages. The future identi-implicated in signaling pathways related to apoptosis
fication of these additional Dot/Icm-secreted proteinsregulation. Detailed recombination mapping and ana-
and the host pathways that they affect will be crucial forlysis of expression implicates Naip5 in the Legionella
a full understanding of the pathogenesis of Legionella.permissiveness differences among mouse strains. A
Mammalian genetics is a potentially useful approachbacterial artificial chromosome (BAC) transgenic line ex-
that can be used to understand the pathogenesis ofpressing a nonpermissive allele of Naip5 exhibits a re-
Legionnaires’ Disease. It has been noted that in vitro-duction in macrophage Legionella permissiveness. In
cultured macrophages from two different inbred mouseaddition, morpholino-based antisense inhibition of Naip5
strains (A/J and C57BL/6J) differ in their permissivenesscauses an increase in the Legionella permissiveness of
for intracellular Legionella replication [13]. This pheno-macrophages.
typic difference segregates in a Mendelian fashion [14,Conclusions: We conclude that polymorphisms in
15], and the gene responsible for the macrophage per-Naip5 are involved in the permissiveness differences of
missiveness difference maps to a locus called Lgn1 onmouse macrophages for intracellular Legionella replica-
mouse chromosome 13 [16, 17].tion. We speculate that Naip5 is a functional mammalian
Detailed characterization of the mouse Lgn1 intervalhomolog of plant “resistance” proteins that monitor for,
has demonstrated that it consists of a series of 80- toand initiate host response to, the presence of secreted
100-kb direct repeats, each containing a paralogousbacterial virulence proteins.
member of the Neuronal Apoptosis Inhibitory Protein
(Naip, also known as the Birc1) gene family [18, 19].
Introduction More recently, we have shown that the Lgn1 mutation
must lie within an interval that contains only the first 12
Legionella pneumophila is a gram-negative bacterial exons of Naip2 (Birc1b), the entirety of Naip5 (Birc1e),
pathogen that is the cause of a severe pneumonia called and a fragmentary Naip (Birc1c-ps1) pseudogene (Fig-
Legionnaires’ Disease [1]. Some studies suggest that ure 1; [20–22]).
Legionella infection may account for as many as 5%– Most of the mouse Naip paralogs are functional tran-
10% of community-acquired pneumonia cases [2]. Con- scription units that encode proteins having 85% identity
taminated fresh water supplies are typically the sources to each other [23]. Much research has focused on the
of human Legionella infections, with aspiration or inhala- potential role of Naip proteins in apoptotic signaling [24].
tion of infectious aerosols believed to be the usual inocu- However, it has been shown that Lgn1 (that is, either
lation route [3, 4]. Naip2 or Naip5) alleles can influence very early events
of intracellular trafficking of Legionella, suggesting that
the Lgn1 gene product likely has some function(s) that*Correspondence: dietrich@genetics.med.harvard.edu
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Figure 1. Gene Content of Lgn1 Critical Interval
A depiction of the map of the Lgn1 interval, along with the positions of relevant markers and genomic clones, is shown. The right of the figure
points away from the centromere of chromosome 13. The size of the Lgn1 interval, in kb, is indicated by the scale at the top of the figure
[20, 22]. The bold horizontal line depicts the extent of the C57BL/6J-derived BAC clone 235. The map position of this clone was previously
reported [19]. The three lines with arrowheads depict the position and orientation of genes (Naip2 [Birc1b] and Naip5 [Birc1e]) and gene
fragments (Naip) in the Lgn1 interval [19, 23]. The exon positions and numbers for Naip2 (Birc1b) and Naip5 (Birc1e) are indicated by small,
labeled lines drawn above a thin horizontal line that depicts the chromosome. Below the chromosome are the names and approximate
positions of relevant microsatellite markers. The pattern-filled boxes shown below the chromosome indicate the extent of the minimal genetic
intervals for Lgn1. The box labeled “Lgn1 Prior” shows the minimal Lgn1 interval that was previously determined [21]. “Lgn1 Current” depicts
the minimal Lgn1 interval after utilizing Naip2 (Birc1b) missense polymorphisms to refine the location of the centromere-proximal recombination
events (Figure 2C). The transgene content of BAC 235 transgenic lines are indicated at the bottom of the figure, with “” indicating that the
named strain contains the C57BL/6J allele of that marker in its genome; “” indicates that the strain does not have the C57BL/6J allele of
the marker.
are unrelated to its putative role in apoptosis regulation mice support vigorous intracellular Legionella growth,
while those from C57BL/6J mice rarely yield more than[25]. It has been suggested that the Naip genes may
actually be mammalian homologs of plant genes that 2 104 colony-forming units (cfu) at 6 days postinfection
(Figure 2A). In addition, we found that the FvB/NJ (FvB)are known to mediate innate immunity to bacterial
pathogens (the so-called “resistance” or “R” genes) mouse strain is clearly permissive (see the Experimental
Procedures).[26–29].
Here, we report data demonstrating that polymor- We believe that FvB is permissive because of an allele
of Lgn1. The permissiveness phenotype of FvB is reces-phisms in Naip5 cause alterations in the Lgn1 pheno-
type. This conclusion is based primarily on our genetic sive (Figure S1A) and appears to be in the same comple-
mentation group as the Lgn1 allele found in A/J, sinceand molecular analyses of Naip2 and Naip5, on our alter-
ation of the Lgn1 phenotype with a bacterial artificial macrophages from A/J  FvB/N F1 hybrids are permis-
sive (Figure 2A). In addition, we found that ten (A/J chromosome (BAC) transgene expressing only Naip5,
and on our ability to increase macrophage permis- FvB/NJ)  A/J backcross animals were all permissive,
making it unlikely that an FvB allele unlinked to Lgn1siveness with Naip5 antisense reagents. Our identifica-
tion of a gene affecting the Lgn1 phenotype provides a accounts for the phenotype of A/J  FvB/N F1 hybrids.
framework for future studies aimed at identifying the
specific Lgn1 mutation(s) and at understanding the mo- A Modifier of Permissiveness from FvB
lecular role that is played by Naip5 in host resistance Maps to Lgn1
to Legionella pathogenesis. The 144-hr bacterial yields from macrophages of A 
FvB F1 animals are reproducibly at least 5-fold lower
than those seen in A/J macrophages (Figure 2A). Inter-Results
estingly, six of the previously described (A/J  FvB/
NJ)  A/J backcross animals exhibited an “A  FvB F1-The FvB/N Mouse Is Permissive Due
to an Allele of Lgn1 like” permissiveness phenotype, while four others were
“A/J-like” (Figure 2B). The segregation of this qualitativeAs a starting point for distinguishing between the Lgn1
candidate genes (Figure 1), we undertook the pheno- difference in permissiveness correlated perfectly with
the inheritance of a marker in Naip5, D13Die40, estab-typic characterization of additional inbred mouse
strains. As previously reported, macrophages from A/J lishing linkage of this trait to the Lgn1 locus (LOD score
Naip5 Affects Resistance to Legionella pneumophila
29
Figure 2. Characterization and Mapping of Legionella Permissiveness of Mouse Macrophages
(A) Bone marrow-derived macrophages from each of the indicated strains were infected with Legionella inocula prepared as described [45,
46]. A  FvB F1 is an F1 hybrid between A/J and FvB/NJ. Shown is the average log10 of the number of bacterial colony-forming units for each
of the samples at different times postinfection. The error bars indicate the standard deviation of the average. A/J, n  11; C57BL/6J, n  12;
FvB/NJ, n  6; A  FvB F1, n  12.
(B) Data from a 10-animal (A/J  FvB)  A/J cross. The genotype and phenotype of A  FvB F1 hybrid (F1) and A/J animals are shown by
the two leftmost columns. The three rightmost columns indicate the genotypes and phenotypes of all the progeny, including the single
recombinant animal. In our experience, the behavior of the A  FvB F1 macrophages is very consistent, yielding 6.58  0.13 log10 cfu at 144
hr postinfection. Accordingly, the phenotype of the animals was declared to be A  FvB F1-like if the total bacterial yield at 144 hr was within
three standard deviations of this average. Importantly, animal #2880 has a clear “A  FvB F1-like” permissiveness phenotype (144-hr yield of
6.6 log10 cfu, which was 10-fold less than the yield of the contemporaneous A/J control), yet it is an A/J homozygote for markers within Naip2
(see the Supplementary Experimental Procedures).
(C) Data from a 466-animal (A/J  C57BL/6J)  A/J cross [18]. The genotype and phenotype of A  B F1 hybrid (F1) and A/J animals are
shown by the two leftmost columns. The four rightmost columns indicate the genotypes and phenotypes of the four informative backcross
animals. The assignment of phenotypes was documented in a previous publication [18].
3). However, this variation in susceptibility cannot be We determined the genomic and cDNA sequences of
the Naip2 and Naip5 genes from some of the permissiveaccounted for by missense polymorphisms in Naip2,
since a single recombinant animal (#2880) excludes the and nonpermissive strains described above (Table 1).
These sequences exhibit a high single nucleotide poly-entire Naip2 ORF (which begins in exon 3; see Figure
1). Furthermore, we do not observe differences in Naip2 morphism (SNP) rate that is in the vicinity of 0.3%–0.5%
[30]. Overall, no nonsense or rearrangement mutationsmRNA levels between A/J, FvB, and C57BL/6J (Figure
3A), eliminating the possibility that Naip2 regulatory mu- that would obviously abolish Naip RNA or protein ex-
pression were observed, but comparison of Naip2 andtations result in this modifying effect.
Naip5 cDNA sequences from all the strains allowed us
to identify candidate Lgn1 missense mutations (TablesThe Lgn1 Locus of Other Inbred Strains
2 and 3). Interestingly, the near identity of the P/J andWe also characterized the phenotypes of several other
C57BL/6J sequences suggests that these nonpermis-inbred strains. The P/J mouse exhibits a level of nonper-
sive mice share an Lgn1 haplotype that is derived frommissiveness similar to C57BL/6J (Figure S1B). In con-
a more recent common ancestor than is found amongtrast, C3H/HeJ (C3H), BALB/cJ (BALB), and 129S1 (129)
the Legionella permissive strains (Tables 2 and 3).macrophages behave similarly to those of FvB (Figures
S1A and S1C). We mapped the Legionella permis-
siveness phenotype of the 129 strain to the Lgn1 locus Refined Genetic Mapping of Lgn1
In addition to potentially contributing to the interstrain(LOD score  6.7) by infecting macrophages isolated
from a 29-animal (129S1  C57BL/6J) F2 cross and by variation in Legionella susceptibility, the Naip gene poly-
morphisms can be used as genetic markers to refineanalyzing the yield of bacterial colony-forming units at
144 hr as a quantitative trait (see the Supplementary the localization of the Lgn1 interval. Therefore, we used
our previously characterized Lgn1 mapping cross (anExperimental Procedures available with this article
online). [A/JC57BL/6J]A/J backcross) to position the Naip2
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Figure 3. Expression of Naip (Birc1) Genes in
Inbred Strain Macrophages
(A) Naip2 (Birc1b) mRNA levels. Shown is a
bone marrow macrophage total RNA North-
ern blot (with 15 g RNA per lane) hybridized
with a probe that specifically hybridizes to
Naip2 (upper panel) and then subsequently
hybridized to a Gapdh probe as a loading
control (lower panel). Each inbred strain is
represented by a pair of lanes, with the left-
most of the pair containing RNA from an unin-
fected macrophage sample () and the
rightmost lane containing RNA from macro-
phages that have been infected for 6.5 hr with
Legionella () at an multiplicity of infection
(m.o.i.) of 1 (see the Experimental Procedures
for details). While there seems to be a slight
upregulation of Naip2, there are no substan-
tial differences in the levels or induction of
Naip2 mRNA between A/J, C57BL/6J, and
FvB. We have observed similar data from sev-
eral other Naip2 Northern experiments with
samples obtained from A/J and C57BL/6J
macrophages and infected for 1.5, 5.5, 9.5,
and 13.5 hr at m.o.i.s of 1 and 5 (data not
shown).
(B) Specificity of Naip antisera. Shown is a Western blot of protein isolated from 293T cells transfected with the indicated Naip gene expression
constructs (see the Experimental Procedures). The labels on the right indicate the antiserum used to probe the blot; the labels on the left
indicate the approximate position and mass (in kD) of protein size standards. M, mock transfected; N5, Naip5 construct; N2, Naip2 construct;
N6, Naip6 construct. Although it is not shown, neither antiserum crossreacts with Naip1.
(C) Expression of Naip proteins in A/J and C57BL/6J macrophages. Shown are a Western blot of total cellular protein probed for Naip2 and
a Western blot of Naip5 antibody-immunoprecipitated protein probed for Naip5 (see the Supplementary Experimental Procedures). A/J, protein
from A/J primary macrophages; B6, protein from C57BL/6J primary macrophages; N2, 293T cells transfected with Naip2 expression construct;
N5, 293T cells transfected with Naip5 expression construct.
(D) Expression of the BAC transgene in the Full and N5 transgenic lines. C57BL/6J allele-specific RT-PCR assays were performed on the
following cDNA samples obtained from bone marrow macrophage total RNA (see the Experimental Procedures): Full, Full transgene carrier
(on A  FvB F1 background); N5, N5 transgene carrier (on A  FvB F1 background); NT, nontransgenic A  FvB F1; B6, C57BL/6J; H2O, water; ,
B10.A (identical in sequence to C57BL/6J) Naip2 (Birc1b) plasmid or Naip5 (Birc1e) plasmid, as appropriate (AF135490 and AF135492; [23]).
and Naip5 missense polymorphisms relative to Lgn1. Western blot and immunoprecipitation experiments to
evaluate the levels of Naip2 and Naip5 proteins in macro-As can be seen in Figure 2C, the polymorphism in codon
phages from A/J and C57BL/6J mice. While the levels862 of Naip2 recombines away from the Lgn1 phenotype
of Naip2 protein in these two strains are equivalent, the(in two separate animals, #661 and #549), while the more
levels of protein recognized by the Naip5 antibody are5 polymorphisms do not. This result effectively ex-
substantially higher in C57BL/6J (Figure 3C). Since thecludes all but seven Naip2 polymorphisms from the Lgn1
Naip5 antibody crossreacts with Naip6 (Figure 3B), theinterval (Figures 1 and 2C; Table 2).
signal detected by this antibody in the macrophage ly-
sates is likely comprised of a mixture of Naip5 and Naip6.
Naip2 Is Not Differentially Expressed However, the mRNA for Naip5 is expressed at higher
between A/J and C57BL/6J levels than Naip6 [23], suggesting that the majority of
To investigate if Naip2 or Naip5 protein levels could what we detect is Naip5. The magnitude of this differen-
possibly play a role in determining the Lgn1 phenotype, tial expression appears similar to the 4-fold differences
we developed two different antisera that recognize in Naip expression reported previously [31]; this finding
suggests that the differences that these authors ob-Naip2 and Naip5 (Figure 3B). We used these antisera in
Table 1. Genomic and cDNA Sequences of Lgn1 Candidates
Strain Genomic Naip2 (Birc1b) cDNA Naip5 (Birc1e) cDNA References
C57BL/6J AF367967, AF367968, AF367969 AY147001 AY146995 This work
P/J None AY147005 AY146999 This work
FvB/N None AY147004 AY146998 This work
C3H/HeJ None AY147003 AY146997 This work
BALB/cJ None AY147002 AY146996 This work
A/J AF367966 AF381770 AF381771 This work
129S1 AF131205 AY147000 AY146994 [20] and this work
The GenBank accession numbers of the indicated sequences are shown.
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Table 2. Comprehensive List of Amino Acid Polymorphisms in Naip2 (Birc1b)
AA# Exon C57BL/6J P/J FvB/N C3H/HeJ BALB/cJ A/J 129S1
Nonpermissive Permissive
377 10 D D D D D G G
403 11 L L F F F F F
478 11 L L L L L L I
540 11 Y N Y N N N Y
556 11 G G G G G D G
558 11 E E E E E G E
561 11 K K N K K N K
862 11 K K N N N N N
1079 11 S S S S S F F
1080 11 D D D D D N N
1089 11 R R R R R C C
1115 11 K K K K K E E
1122 11 T T T T T E E
1136 11 D D D D D D E
1157 12 S S S S S G G
1160 12 D D N N N N D
1167 12 G G G G G R R
1186 12 S S S Y S S S
1192 12 V V L V V V V
1271 14 F F F F F F C
1272 14 G A A A A G G
Polymorphisms and the exonic location of the indicated amino acids (AA#) are shown. The amino acid polymorphisms that distinguish specific
strains from all other strains having the opposite phenotype are underlined. The total length of the Naip2 (Birc1b) protein is 1447 amino acids
[23].
served were due to variations in Naip5 (and possibly typically yield 5- to 10-fold fewer bacterial colony-form-
ing units than the FvB controls.Naip6) expression.
We also wanted to determine if the BAC transgenes
exhibited any effect on the phenotype of more permis-A Naip5 Transgene Affects the Lgn1 Phenotype
Given the previous data, we sought additional positive sive genetic backgrounds. Therefore, we backcrossed
the N5 and Full transgenes to the A/J strain and exam-evidence implicating Naip5 in affecting the Lgn1 pheno-
type. To that end, we attempted to complement the ined the effects of the heterozygous transgenes on the
phenotypes of A  FvB F1 and (A  FvB)  A animals.Lgn1 phenotype of FvB animals inheriting a C57BL/6J
BAC clone transgene containing the Lgn1 candidate Again, the Full transgene has no significant effect (data
not shown). The N5 transgene causes decreases in thegenes Naip2 and Naip5. From our injections of this clone
(named 235), we obtained two male FvB founder animals 144-hr bacterial yield in the A  FvB F1 background (a
7-fold average decrease, n  3, p  0.003) and in thethat sired progeny inheriting useful portions of the BAC
clone. One transgene insertion (named Full) contained (A  FvB)  A-Lgn1A/A background (a 4-fold average
decrease, n  3, p  0.032).polymorphic markers from throughout the BAC clone
insert, while the other (named N5) contained polymor-
phic markers from the entirety of Naip5 and only a por- Antisense Inhibition of Naip5 Increases
Legionella Permissivenesstion of Naip2 (Figure 1). These two transgene insertions
were stably inherited and were found to express Naip The reduction of permissiveness caused by the N5
transgene is important evidence in favor of Naip5 playingmRNA and protein in macrophages in a manner consis-
tent with the marker content of the transgenes (Figure an important role in regulating permissiveness. Never-
theless, we pursued a complementary approach to as-3D and data not shown).
After backcrossing each transgene twice to FvB and sess the function of Naip5 with respect to Legionella
pathogenesis. We decided to inhibit the function ofthen inbreeding for 4–5 generations (see the Experimen-
tal Procedures), we assessed the macrophages of mice Naip5 by using morpholinos, which are antisense com-
pounds comprised of an uncharged backbone whosefrom these FvB transgenic lines for evidence of comple-
mentation of the Legionella permissiveness phenotype. mechanism of action is to inhibit the translation of the
target mRNA [32, 33]. As described in the ExperimentalSurprisingly, the Full transgene has no effect on macro-
phage permissiveness (Figure 4). In contrast, the growth Procedures, we designed a morpholino that would hy-
bridize to the 5UTR of Naip5 transcripts from all mousesupported by the N5 transgenic macrophages was al-
ways lower than that of contemporaneous FvB control strains and therefore should inhibit the translation of
these transcripts.macrophages. While the N5 transgene does not cause
the macrophages to become as nonpermissive as Since the N5 transgenic line exhibited partial rescue
of the permissiveness phenotype, we reasoned that itC57BL/6J, statistically significant decreases in bacterial
yield become apparent by 72 hr postinfection (Figure 4). would be a sensitized background in which we could
observe an effect of the morpholino treatment, even ifBy 144 hr postinfection, the FvB-N5 transgenic animals
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Table 3. Comprehensive List of Amino Acid Polymorphisms in Naip5 (Birc1e)
AA# Exon C57BL/6J P/J FvB/N C3H/HeJ BALB/cJ A/J 129S1
Nonpermissive Permissive
92 3 R R R R R R K
144 3 R R R R R R S
234 5 E E K K K E E
242 5 S S S S S S G
368 9 T T M M M T T
472 11 T T A A A A A
496 11 Y Y Y Y Y N Y
512 11 D D D D D G D
514 11 G G G G G E G
516 11 A A A A A A D
517 11 N N N N N K N
521 11 A A A A A A T
533 11 V V A A A A A
538 11 S S I I I I I
647 11 A A A A A T A
755 11 V V V V V M V
855 11 S S T T T S S
952 11 S S T T T S S
1021 11 M M I I I M M
1092 12 E E D D D D D
1116 12 N N D D D D D
1123 12 R R G G G G G
1137 12 Q Q R R R Q Q
1140 12 T T R R R T T
1228 14 E AQ AQ AQ AQ E E
1241/42 15 V V V V V I I
1275/76 15 D D D D D N N
Polymorphisms and the exonic location of the indicated amino acids (AA#) are shown. The amino acid polymorphisms that distinguish specific
strains from all other strains having the opposite phenotype are underlined. The total length of the Naip5 (Birc1e) protein is 1402 amino acids [23].
the translational inhibition was incomplete. Accordingly, protein levels between A/J and C57BL/6J macrophages.
In contrast, our measurements of Naip2 mRNA and pro-macrophages from the FvB-N5 line that are pretreated
tein levels show no differences between permissive andwith this morpholino have higher bacterial yields than
nonpermissive strains. Furthermore, our fine-structureuntreated control macrophages at 72 and 120 hr postin-
genetic map of Lgn1 eliminates nearly half the openfection (Figure 4). This relative increase in permissiveness
reading frame of Naip2 from the critical interval, leavingis somewhat diminished by 144 hr postinfection, sug-
only the polymorphism at amino acid 403 as a realisticgesting that the inhibitory effect of the morpholinos is
candidate mutation (Table 2).transient. In addition, preliminary experiments with
In addition, we have mapped a modifier of LegionellaC57BL/6J macrophages suggest that treatment with
permissiveness to Lgn1 and have shown that this modi-this morpholino can also modestly increase permis-
fier cannot be caused by variations in Naip2. While itsiveness in this nonpermissive background (Figure S2).
is possible that the modifying allele is in a Naip locus
extragenic to Lgn1, the simplest explanation is that there
Discussion are different permissive alleles of Lgn1 that permit dis-
tinct levels of bacterial replication. A casual inspection
Positional cloning is a straightforward, if not always of Table 3 reveals ample missense polymorphisms in
easy, process. Genetic linkage provides a discrete re- the Naip5 gene that could easily account for variations
gion of the genome to be searched. It then becomes a among permissive strains.
simple matter of searching through regional genes for The existence of closely linked, highly similar genes
variations in sequence or expression that correlate with presents serious complications in the interpretation of
phenotype, or of using tests of complementation to es- Lgn1 complementation experiments. Nevertheless, we
tablish a functional effect of a candidate gene. Unfortu- have identified a transgenic line (N5) expressing the
nately, positional cloning of phenotypes that map to C57BL/6J allele of Naip5 that exhibits a reduction in the
clusters of highly related paralogous genes, such as permissiveness of its macrophages. In addition, we are
Lgn1, are much more resistant to these simple strat- able to induce an increase in the permissiveness of the
egies. N5 line macrophages after treatment with a morpholino
Despite the difficulties presented by the region, we designed to inhibit the translation of Naip5 protein. This
have accumulated evidence favoring a role for Naip5 in effect on the transgenic lines is a strong indication that
modulating permissiveness to Legionella. For example, the effect of the N5 transgene on permissiveness is due
the entire Naip5 ORF resides in the Lgn1 interval, and to the expression of Naip5, and not to disruption of
some other gene during transgene integration. While thethere are large differences in Naip5 (and possibly Naip6)
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Figure 4. Intramacrophage Growth of Legionella in Transgenic Mice
Bone marrow-derived macrophages from transgenic and control strains were infected with Legionella (see the Experimental Procedures).
Shown is the log10 of the number of bacterial colony-forming units for each of the samples at different times postinfection. (See the Experimental
Procedures). Each symbol represents the average cfu from duplicate infected macrophage samples obtained from a single animal. The
experiments shown were performed in small groups over several independent trials. The average of each group of animals is indicated by
the short, bold horizontal line. The brackets indicate the p values of comparisons between the controls (on left) and the N5 transgenic or
morpholino-treated macrophages. The two-tailed p values were calculated by using the Student’s t test. Control treatment with a nonspecific
morpholino sequence caused no effect on the permissiveness of these macrophages (data not shown).
N5 transgene does not cause a complete reversion to we have found in the Naip genes will be very important,
especially since the molecular functions of the Naipnonpermissiveness, preliminary RT-PCR data suggest
that the levels of transgenic Naip5 expression in the genes are far from clear.
There are currently two hypotheses about the molecu-N5 line are low (data not shown), providing a possible
explanation for this observation. lar function of the Naip proteins. The first Naip family
member to be discovered was found in the human ge-The behavior of the Full line, which expresses appre-
ciable levels of both Naip2 and Naip5, but does not nome, and, based on the fact that it encoded protein-
protein-interacting BIR domains (Figure S3), it was hy-exhibit diminished permissiveness, is unexplained. We
could not account for the lack of complementation by pothesized to be a functional relative of baculoviral IAP
genes that can regulate apoptosis [34]. However, not allexamining levels of expression of Naip5 or by finding
mutations in the Full transgene (data not shown). Since BIR domain-containing proteins (BIRPs) have a normal
physiologic function relevant to apoptosis [35]. Never-Naip2 and Naip5 are very closely related, it is possible
that the two proteins utilize some common cofactor that theless, many investigations have uncovered potential
roles for human and mouse Naip in apoptotic signalingis present in limiting quantities, and superphysiologic
expression of both Naip2 and Naip5 may prevent us [36–40, 24].
The other hypothesis regarding Naip function is basedfrom observing the complementing activity of Naip5.
We do not know if the Legionella permissiveness phe- solely on its striking architectural similarity to plant resis-
tance or “R” proteins [27, 28]. The plant R proteins char-notype differences that we see are caused by missense
polymorphisms in Naip5, alterations in its expression acteristically have N-terminal protein-protein-interac-
tion motifs, a centrally located nucleotide binding site,level, or both. However, the candidate mutations that
we have identified should be important subjects of a or NBS, and a series of C-terminal leucine-rich repeats
[41]. As depicted in Figure S3, the Naip proteins alsofuture study using knock-in strategies. In any case, a
structure-function study of the candidate mutations that harbor N-terminal protein-protein-interacting motifs (the
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Determination of Legionella Permissiveness PhenotypesBIR domains), a nucleotide binding site (the NACHT do-
After harvesting, the primary macrophages were replated in 24-wellmain; [26]), and cysteine-containing leucine-rich repeats
tissue culture plates at 2.5  105 cells per well in 0.5 ml BMM,near the C terminus. Since R proteins are important
without penicillin and streptomycin (BMM-P/S). Each macrophage
components of a surveillance system used by plants sample was plated in duplicate in seven distinct replicates. These
to detect and respond to secreted bacterial virulence cells were then allowed to adhere overnight before infection. Based
on the OD600 of the chosen Lp02 culture, BMM-P/S would be pre-proteins [41], it is possible that the Naip proteins may
pared that had a bacterial concentration of approximately 10 cfuserve a similar function in detecting Legionella virulence
per l (BMM-P/S  Lp02). The media on the replated macrophagesproteins.
was then aspirated and replaced with 0.5 ml BMM-P/S  Lp02.It has been suggested by others that Dot/Icm-depen-
After 1.5 hr of incubation in the tissue culture incubator, the infected
dent apoptosis of macrophages plays an important role replicates were processed as previously described [17].
in Legionella pathogenesis [4, 42]. Nevertheless, we fa- Historically, nonpermissive strains such as C57BL/6J have exhib-
ited bacterial yields at 144 hr of 13,000  13,000 colony-formingvor the theory that Naip5 regulates Legionella permis-
units. We have used this mean plus three standard deviationssiveness by detecting the presence of Legionella-
(52,000) as the upper boundary for bacterial yields in a nonpermis-secreted virulence factors and initiating a (unknown)
sive strain. Therefore, any sample that exceeds this bacterial yieldresponse of the cell that prevents the bacterium from
is considered to be permissive.
gaining access to the replicative phagosome. Our rea-
sons for this preference are simple: we have never been Mouse Strains, DNAs, and Crosses
able to observe differential effects of macrophage apo- These methods are described in the Supplementary Experimental
Procedures.ptosis at the low multiplicities of infection that we use
in our assays (data not shown), and we have previously
Determination of Genomic Sequencesdocumented effects of Lgn1 alleles on intracellular Le-
The genomic sequence of the Lgn1 interval from C57BL/6J was
gionella targeting [25]. Of course, the apparent effect of done by sequencing a BAC clone (286d6) with methods that have
Naip5 on intracellular targeting of Legionella does not been extensively described elsewhere [20].
preclude it from having a function in apoptosis at later Since no A/J genomic libraries were easily available, the genomic
sequence of the Lgn1 interval from A/J was determined by shearing,points of the infection. In that regard, it is interesting to
cloning, and approximately 7 shotgun sequencing (as describednote that many plant R proteins initiate an apoptotic
in [20]) of an overlapping set of 16 PCR fragments, as described inresponse upon detecting bacterial virulence factors [41].
the Supplementary Experimental Procedures.
Future work to resolve the remaining questions of the
function of Naip5 in Legionella pathogenesis will provide Genetic Analysis of Naip2 (Birc1b) Missense Polymorphisms
important information to distinguish among these and Genomic DNA from critical recombinant animals from the (A/J 
C57BL/6J)  A/J backcross were amplified (as described in theother possibilities.
Supplementary Experimental Procedures) by using the LPCR #9B
assay in Table S1. The fragments were purified from agarose gels
Conclusions and were sequenced directly. The sequence traces of the recombi-
We have used genetics, molecular biology, and func- nant animals were compared to contemporaneous A/J and A 
tional studies to show that Naip5 (Birc1e) alleles play C57BL/6J animals by using Sequencher 3.1.1 (GeneCodes) to deter-
mine if the polymorphic positions contained only the A/J base or aa role in determining macrophage permissiveness to
mixture of A/J and C57BL/6J bases. These data were compiled andLegionella replication. This observation opens up many
compared to the known genotypes and order of nearby polymorphicnew avenues of research regarding the role of apoptosis
markers to define the location of recombination breakpoints (Fig-
and/or innate intracellular response in resistance to Le- ure 2C).
gionella pathogenesis. Should the Naip genes be func-
tional mammalian homologs of plant R genes, it would Isolation of Macrophage RNA
Total RNA was generated from approximately 2 106 primary mouseseem likely that the other Naip gene family members
macrophages at 6 days of differentiation by using standard proce-are maintained in the genome to detect and respond to
dures. The RNA for the Northern blot shown in Figure 3A was isolatedthe presence of other types of infections.
as above from differentiated macrophages that were either unin-
fected or infected for 6.5 hr with Lp02 at a multiplicity of infection
Experimental Procedures of 1.
Macrophage Culture Northern Blotting
Primary macrophages were differentiated from bone marrow cells A total of 15 g of total RNA was separated on a formaldehyde gel
following a published protocol [43], as described previously [17]. and blotted as described by others [47], except that we used 0.2
M formaldehyde in the gel. The filters were hybridized with 32P-
Bacterial Strains and Media labeled probes generated by using the following PCR primers: Naip2
The strain of Legionella pneumophila used in this work is Lp02, a probe: 5-AAGCCCAGGAACTTGAACCT-3 and 5-CTGTGGAGGGA
streptomycin-resistant, thymine-auxotrophic derivative of Philadel- AGATAGGTCC-3, Gapdh: 5-CCACCCAGAAGACTGTGGAT-3 and
phia-1 [44]. Lp02 can be propagated either on specially constructed 5-AGGGTTTCTTACTCCTTGGAGG-3. The Naip2 probe hybridizes
solid [44] or liquid [45] media or inside of host cells. Since Lp02 to a portion of exon 11 that is present only in Naip2 [23].
is a thymidine auxotroph, all bacterial or cell culture media with
Legionella was supplemented with thymidine to 100 g/ml. cDNA Synthesis
Oligo dT-primed cDNA was made by using standard procedures.
Preparation of Legionella Inocula
Our method is based on the observation that Legionella undergoes Allele-Specific RT-PCR of Naip2 (Birc1b) and Naip5 (Birc1e)
The primers used in Figure 3D are as follows: Naip2: 5-CCCGAGa profound developmental change to a highly virulent, motile form
upon amino acid starvation [45, 46]. Such highly virulent inocula are GAAGAAGCAGGAAC-3 and 5-CTCTACAGAGAACAGACACC-3,
Naip5: 5-GAAGTGTGTCTGAGCAGCAG-3 and 5-ATAGATGCACArequired to see permissiveness in many strains. See the Supplemen-
tary Experimental Procedures for details. ACCACATCAAGGC-3. Allele-specific RT-PCR was then performed
Naip5 Affects Resistance to Legionella pneumophila
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by using Platinum Taq (Invitrogen) with minor modifications to the Supplementary Material
Supplementary Material including more detailed Experimental Pro-manufacturer’s instructions, as described in the Supplementary Ex-
perimental Procedures. cedures and additional supporting data is available at http://images.
cellpress.com/supmat/supmatin.htm.
Determination of cDNA Sequences
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